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Section | - Introduction

The overall objective is to develop a satisfactory sheet molding compound (SMC)
of a high temperature polyimide, such as PMR-II-50, V-CAP75, or NB2-76, and
to develop compression molding processing parameters for a random, chopped
fiber, high temperature, sheet molding compound that will be more affordable
than the traditional hand lay-up fabrication methods. Compression molding will
reduce manufacturing costs of composites by: (1) minimizing the conventional
machining required after fabrication due to the use of full 360° matched tooling,
(2) reducing fabrication time by minimizing the intensive hand lay-up operations
associated with individual ply fabrication techniques, such as ply orientation and
ply count, and (3) possibly reducing component mold time by advanced B-staging
prior to molding.

This program is an integral part of Allison's T406/AE engine family's growth
plan, which will utilize technologies developed under NASA's Sub-sonic
Transport (AST) programs, IHPTET initiatives, and internally through Allison's
IR&D projects. Allison is aggressively pursuing this next generation of engines,
with both commercial and military applications, by reducing the overall weight of
the engine through the incorporation of advanced, lightweight, high temperature
materials, such as polymer matrix composites. This infusion of new materials
into the engine is also a major factor in reducing engine cost because it permits
the use of physically smaller structural components t0 achieve the same thrust
levels as the generation that it replaced. A lighter, more efficient propulsion
system translates to a substantial cost and weight savings to an airframe's
structure.

The eventual goal of this project is to develop SMC technology to an acceptable
state for use in aerospace applications, particularly turbine engine component
applications. Utilization of high temperature capable resins, such as V-CAP or
PMR-II, will enable us to expand the application of composite components into
latter stages of a gas turbine compressor. These applications were not previously
feasible because of the temperature and life-at-temperature limitations associated
with the PMR-15 resin system. Allison has selected a vane compressor endwall
for a growth of our T406/AE engine family as the candidate composite
component, if the SMC technology is developed to a satisfactory level. This
component was selected due to the potential weight savings, operating
environment, and the low risk associated in the event the PMC endwall fails. A
65% weight savings will result from manufacturing the vane endwall using
advanced PMC materials, instead of the current nickel-based alloy. Also, the
complete endwall assembly part count will decrease from 78 to 10, due to the
elimination of bushings in the PMC design.



Section Il - Technical Results Summary

The Statement of Work for this program consists of four separate tasks that are

listed below:

Task 1 - Materials & Supplier Selection,

®

o Task II - Composite Processing Development,

e Task III - Composite Physical & Mechanical Testing, and
e Task IV - Reporting.

All of the reports that were generated during this program and the dates that each

report covered are listed below.

Report No. | Report Type | EDR No. Dates Covered
1 Bimonthly 17232 Oct 20, 1994 - Dec 31, 1994
2 Bimonthly 17293 Jan 1, 1995 - Feb 28, 1995
3 Bimonthly 17374 Mar 1, 1995 - Apr 30, 1995
4 Bimonthly 17439 May 1, 1995 - Jun 30, 1995
5 Bimonthly 17556 Jul 1, 1995 --Aug 31, 1995
6 Bimonthly 17619 Sep 1, 1995 - Oct 31, 1995
7 Bimonthly 17649 Nov 1, 1995 - Dec 31, 1995
8 Bimonthly 90016 Jan 1, 1996 - Feb 29, 1996
9 Final 90017 Mar 1, 1996 - Apr 10, 1996

Task | - Materials & Supplier Selection

Task I was completed. The objective of Task I was the selection of the materials
to be used in the sheet molding compound, the supplier of those materials, and the
vendor to produce the SMC. With respect to the materials used in the SMC,
Allison, working with NASA LeRC, must select: (1) a high temperature
polyimide resin system, (2) a graphite fiber, (3) the aspect ratio range of the fibers

to examine, and (4) the fiber/resin ratio to be investigated.

The following fiber, resin, and sheet molding compounds were selected or
produced during this effort. (Reference Bimonthly Reports EDR’s 17293, 17374,

and 17556 for complete details.)

Selected Fiber Description:

Purchased from Amoco Performance Products, Inc., Greenville, SC.

Carbon fiber:

Sizing (by fiber weight percent):

T-650/35 3K

1.23% HTS sizing




Selected Resin Description:
Supplied by NASA LeRC, Cleveland, OH.

Resin: PMR-II-50

Solids Content as providedto  78.6% Imide Solids
SMC Manufacturer:

Viscosity (at 25°C) Required 1200+100cp

for SMC Manufacture:

Manufactured SMC Description:
Purchased from Quantum Composites, Inc., Midland, MIL.

Allison Material | Quantum | Fiber Length Fiber Amount
Code Lot No. (mm/in) Content Produced
(Weight %) (kg/1b)

PMR-II-Lot A 040451 254/1.0 54.3 32/7.0
PMR-II-Lot B 080354 12.7/0.5 48.6 1.8/4.0
PMR-II-Lot C 080456 6.4/0.25 46.3 05/1.0
PMR-II-Lot D 081454 6.4/0.25 43.6 0.7/1.5
PMR-II-Lot E 081453 6.4/0.25 55.8 05/1.0
PMR-II-Lot F 081751 254/1.0 57.6 1.8/4.0

Task Il - Composite Processing Development

The objective of this task is to optimize the fiber/resin ratio in order to develop a
satisfactory compression molding cure and postcure cycle for the SMC prepared
in Task I. Allison will then use that cure and postcure cycle developed to produce
satisfactory laminates. The criteria for determining satisfactory laminates will
include, at a minimum, (1) being free of significant shrink marks or bubbles, (2)
being free from internal cracks and delaminations, and (3) obtaining adequate
room temperature (RT) flexural strength (in the principal SMC fiber direction),
according to ASTM D790. Task II was completed.

SMC Manufacturing Cycles

The expected outcome of these process trials was to manufacture several
102x203mm (4x8in) panels suitable for mechanical testing. Initial processing
trials included of 25mm (1.0in) button coupons consisting of three or four layers
of SMC. These trials progressed to 25x254mm (1x10in) coupon processing trials,
which concluded with 102x203mm (4x8in) coupon fabrication. The table below
summarizes all of the coupons fabricated under this contract. (Reference
Bimonthly Reports EDR’s 17439, 17556, 17619, and 17649 for complete details.)
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The coupons used for testing, coupons PMR-II-LotF-49 through -58, were sent to
Cincinnati Testing Laboratories, Inc. (CTL) in mid-December, 1995 for
mechanical and physical testing. After receiving the ten test panels, CTL cut
them into coupons in preparation for destructive testing. The individual test
coupons were then shipped to NASA LeRC for C-Scanning prior to testing.
(Reference Bimonthly Report EDR 90016 for C-Scans.)

Coupon Type oy Material Used
Produced Prefix: PMR-I1-

25mm (1.0in) Button 12 LotA-1 thru LotA-12
13 LotA-26 thru LotA-36,

LotA-38 thru LotA-39

25x254mm (1x10in) Coupons 13 LotA-13 thru LotA-25
102x203mm (4x8in) Panels 6 LotA-40 thru LotA-45
3 LotE-46 thru LotE-48

10 LotF-49 thru LotF-58

From all of the above material processing trials, the basic compression, molding,
and postcure cycles developed for the fabrication process for the PMR-II-50 SMC

are shown below.

PMR-I1-50 SMC Compression Cycle

1.

AN

Preheat mold to 121°C (250°F)

Load four layers SMC into mold

Raise pressure to 690 kPa (100 psi) & hold pressure for 3 minutes
Relieve pressure to 35 kPa (5 psi) & hold for 30 minutes

Turn heat off, cool to under 79°C (175°F) at 35 kPa (5 psi) pressure
Imidize at 177°C (350°F) for 30 minutes in vacuum.

PMR-II-50 SMC Molding Cycle

[Sm—

% N OV A LN

Preheat mold to 316°C (600°F)

Load imidized panel into hot mold

Wait 3 minutes

Close mold and increase pressure 6895 kPa (1000 psi)

Increase temperature to 371°C (700°F) in 30 minutes

Hold temperature at 371°C (700°F) for two hours

Cool under pressure to 204°C (400°F) and unload

Postcured with a final hold at 371°C (700°F) for 16 hours in air

PMR-II-50 SMC Postcure Cycle

1.
2.

Room temperature to 232°C (450°F) in 60 minutes
Hold temperature constant for 60 minutes
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Increase temperature to 288°C (550°F) in 60 minutes
Hold temperature constant for 60 minutes
Increase temperature to 343°C (650°F) in 60 minutes
Hold temperature constant for 60 minutes
Increase temperature to 371°C (700°F) in 60 minutes
Hold temperature constant at 371°C (700°F) for 16 hours in air

Task lll - Composite Physical & Mechanical Testing

The objective of this was to perform physical and mechanical testing on the
laminates that were prepared in Task II. A summary of the physical testing results
are shown in the following table. The complete report from CTL is included in
the appendix of this report. Task I1I was completed.

Thermal Conductivity (W/m°K)

Physical Property Evaluated Average Std Dev
Specific Gravity 1.48 0.09
Coef of Linear Thermal Expansion (in/in/°F) 1.33x 10° 0.44 x 10
Specific Heat (J/g°C) @ 316°C 0.5839

(cal/g®C) @ 316°C 0.1395
Glass Transition Temperature (°C) 378

0.4166-0.4289

All of the mechanical testing was performed using five composite coupons at
room temperature and two elevated temperatures 204 and 316°C (400 and 600°F).
Each of the following five graphs displays one standard deviation for each tested

temperature.

SMC FLEXURAL PROPERTIES
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Figure 1 - Flexural strength of the PMR-1I-50 SMC vs. temperature.
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SMC FLEXURAL PROPERTIES
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Figure 2 -Flexural Modulus of Elasticity of the PMR-II-50 SMC vs. temperature.

SMC TENSILE PROPERTIES
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Figure 3 - Ultimate Tensile Strength of the PMR-11-50 SMC vs. temperature.



SMC TENSILE PROPERTIES
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Figure 4 -Tensile Modulus of Elasticity of the PMR-II-50 SMC vs. temperature.

SMC COMPRESSIVE STRENGTH
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Figure 5 -Compression Strength of the PMR-11-50 SMC vs. temperature.



Section lll - Recommendations & Conclusions

The overall objective of this program was to develop a satisfactory sheet molding
compound (SMC) using a high temperature polyimide resin and to develop
compression molding processing parameters for this SMC. This objective was
accomplished. A SMC using T-650/35 3K carbon fiber and PMR-II-50 resin was
successfully manufactured by Quantum Composites. Through many processing
trials, Allison, with considerable help from NASA LeRC, was able to develop a
fabrication process for the new SMC. This process included a compression,
molding, and postcure cycle. Although this process was not fully optimized,
Allison was able to produce ten 100x200mm (4x8in) panels suitable for physical
and mechanical testing.

Quantum Composites has performed well throughout this entire effort and has
been extremely helpful. Most of the difficulties that have arisen with their work
with the PMR-II-50 SMC can be attributed to their attempt to adapt their
production processes to our small laboratory sample runs. Since at the beginning
of this program the specific resin/fiber ratio for the new SMC was not known,
Quantum was agreeable to perform two or three short runs of SMC at different
resin/fiber ratios. Due to our limited amounts of resin and fiber, we found it
necessary to create SMC that was only 152mm (6in). This would allow Quantum
to increase their overall run time in an attempt to tailor their process to the PMR-
[1-50 resin without using all of our material. This narrow SMC, however, can
produce a non-uniform thickness across the width of the material. Typically, the
majority of these edge irregularities would be scraped with the much wider SMC
that Quantum usually manufactures.

During the program, Quantum was also asked to modify the fiber length from
25.4mm (1.0in) to 6.4 and 12.7mm (0.25 and 0.50in). During Quantum’s
attempts using the 12.7mm fibers, there were considerable fiber wet-out problems
due to the shorter fiber length. Nearly 50% of the SMC was dry and did not
contain any resin. The shorter fibers would tend to “match stick” and stand
straight up and not lay horizontally as did the longer fibers. This condition would
be ideal from a material mechanical properties view point since it would increase
the Z-axis properties. The top and bottom layers of the SMC were wet, but the
center did not contain any resin. The top and bottom “layers” could be peeled
apart very easily down the dry middle section. This wet-out phenomena could be
caused by the additional fiber surface area caused by the shorter fibers. Several
potential solutions to the dry fiber problem were discussed. One option was to
lower the aerial density of the fiber by 30% of the SMC before the resin was
introduced. This would result in a thinner ply of SMC. It was finally decided to
complete the work at Quantum by producing SMC with the longer 25.4mm fiber
length and a lower aerial density. Based on the variations in the produced SMC,
Allison expected variations in the mechanical data generated using this material.

When asked to manufacture this SMC in the future, Allison will (1) use 25.4mm
(1.0in) length fibers, (2) select a resin/fiber ratio, and (3) allow Quantum to
produce the PMR-11-50 compound in longer, continuous runs in order to stabilize
the manufacturing process.



Section IV - New Technology

This program was an adaptation of procedures that are outlined in U.S. Patent
5,126,085, entitled Process for Preparing Polyimide Sheet Molding Compound.
The patented process utilized the PMR-15 resin system in the production of the
SMC. Based on papers presented at previous NASA HITEMP Reviews, this new
SMC produced during this NASA program using PMR-II-50 resin should have
the following improvements over the PMR-15 based product of the patented
process: (1) increased thermal oxidative stability, and (2) increased temperature
capability.

Allison is investigating possible non-aerospace applications for this newly
developed SMC material. One such potential application would be a pressure seal
for the Hybrid Engine Program. This program is part of the Administration’s new
effort to develop cleaner, more fuel efficient cars and trucks. In September, 1993,
the U.S. Department of Energy (DoE) awarded a contract to a team headed by
General Motors Corp. to develop a “hybrid” vehicle that combines electric
propulsion with conventional heat engine systems. An example would be a gas
turbine driving an alternator connected to an electric propulsion system using a
battery, flywheel, or capacitor for energy storage.



Appendix

Cincinnati Testing Laboratories Test Report
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TEST REPORT
e
CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00

FLEXURAL PROPERTIES

Customer: Allison Engine Company - Date: March 1, 1996
Requestor: Kevin Kannmacher P.O. No.: N 519590
Material: Polyimide Sheet Molding Compound

Specification: ASTM D790-92, Method I Test Speed: 0.03 in./min.
pre-Conditioning: 40 Hrs./74 Deg. F./50% R.H. Support Radius: 1/8 in.
Test Condition: 74 Deg. F./50% R.H. Nose Radius: 1/4 in.

span (L): 1.215 L/d Ratio: 16/1 Specimen Length: 2 in.
Equipment: Tinius Olsen 12 kip Electomatic #31

Machining Source: CTL

Flexural strength in psi

Modulus of elasticity in psi x 10°
Break load in 1lbs.

Specimen width in inches

Depth of beam in inches

Span in inches

Initial slope of load-deflection
curve in lbs./inch

Flexural strength (S) = 3PL
2bd?

BroTYEn
R RRERE

Modulus of elasticity (Es) = _L’m
4

3

49-F2 47,490 174.5 0.082 0.995 4,211 3.44
53-F1 94,680 339.5 0.081 0.996 6,356 5.38
53-F2 74,720 269.0 0.081 1.000 5,217 4.40
57-F1 61,960 152.0 0.067 0.996 3,212 4.81
57-F2 76,940 189.5 0.067 1.000 3,363 5.01
AVG. 71,160 4.61
S.D. 17,636 0.74
C.V.(%) 24.8 ' 16.1

Test Technician: 40 ﬂW (_ approved: %ﬂm———

D. Browning " P. Braun
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Customer:
Requestor:

Material:

Specification:

TEST REPORT

Report No. 432-2177-00

FLEXURAL PROPERTIES

Allison Engine Company

Kevin Kannmacher

Polyimide Sheet Molding Compound

Pre-Conditioning:

Test Condition:

Span (L):

1.520

ASTM D790-92, Method I

30 Min. @ 400 Deg. F.

400 Deg. F.

L/d Ratio: 17/1

Equipment: Tinius Olsen 12 kip Electomatic #31

Machining Source: CTL

Flexural strength (S) = 3PL

Modulus of elasticity (E) = _L'm_
4

2bd?

3

HrooYdn

CINCINNATI TESTING LABORATORIES, INC.

Date:

P.O.

Test Speed:

March 1, 1996

No.: N 519590

0.04 in./min.

Support Radius: 1/8 in.

Nose Radius: 1/4 in.

Specimen Length: 2 in.

Flexural strength in psi

Modulus of elasticity in psi x 10°
Break load in 1lbs.
Specimen width in inches
Depth of beam in inches

Span in

inches

Initial slope of load-deflection
curve in lbs./inch

Test Technician:

D. Browning

50-F1 55,790 195.0 0.089 1.006 3,000 3.71
50-F2 50,750 169.5 . 0.087 1.006 2,575 3.41
52-F2 55,770 227.0 0.096 1.007 4,225 4.16
56-F1 47,960 191.0 0.095 1.006 3,593 3.66
AVG. 49,480 3.65
S.D. 7,678 0.33
C.V.(%) 15.5 9.0

P. Braun

Aﬂzzﬁ§¢kﬁ<kbt7ﬂoii§’ Approved: </;;;kfiauo~—/
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TEST REPORT
:
el
e CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00

- FLEXURAL PROPERTIES

Customer: Allison Engine Company Date: March 1, 1996
- Requestor: Kevin Kannmacher P.O. No.: N 519590

o Material: Polyimide Sheet Molding Compound

specification: ASTM D790-92, Method I Test Speed: 0.04 in./min.
" pre-Conditioning: 30 Min. @ 600 Deg. F. Support Radius: 1/8 in.
N Test Condition: 600 Deg. F. Nose Radius: 1/4 in.
- Span (L): 1.520 L/d Ratio: 15/1 Specimen Length: 2 in.

- Equipment: Tinius Olsen 12 kip Electomatic #31

Machining Source: CTL

S = Flexural strength in psi
Flexural strength (S) = 3PL E; = Modulus of elasticity in psi x 10°
2bd’ P = Break load in lbs.
N b = Specimen width in inches
d = Depth of beam in inches
. Modulus of elasticity (E) = _L’m L = Span in inches
4bad? m = Initial slope of load-deflection
o curve in 1lbs./inch
54-F1 26,460 124.0 0.103 1.007 3,333 2.66
- 56-F2 39,120 169.0 0.099 1.005 3,614 3.25
58-F1 29,880 127.0 0.098 1.009 3,158 2.92
” 58-F2 50,930 229.0 0.101 1.005 4,800 4.07
B AVG. 34,930 3.16
- S.D. 10,193 0.55
C.V.(%) 29.2 ' 17.4

Test Technician: (ﬁhlﬁk&1£4/7¢¢AV7(‘ Approved: (;2:2C5i&244~———

- D. Brownin P. Braun
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TEST REPORT

S CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00
TENSILE PROPERTIES
Customer: Allison Engine Company Date: March 1, 1996
Requestor: Kevin Kannmacher P.O. No.: N 519590

Material:
Specification: ASTM D638-94b
Pre-Conditioning:
Test Condition: 74 Deg. F./50% R.H.
Specimen Type: I

Equipment: MTS 20 kip #19

Machining Source: CTL

Polyimide Sheet Molding Compound

Test Speed: 0.20 in./min.

40 Hrs./74 Deg. F./50% R.H.

S = Ultimate tensile strength in psi
Tensile strength (S) = P/bd Et = Modulus of elasticity in psi x 10°
P = Break load in 1lbs.
Modulus of elasticity (Et) = AP/bdY b = Specimen width in inches
d = Specimen thickness in inches
Y = Strain in inches/inch
PR = Poisson Ratio
49-T1 41,270 1,740 0.083 | 0.508 3.61 1.25 0.26 Radius
53-T1 27,140 1,103 0.080 | 0.508 3.91 0.75 0.29 Radius
53-T2 36,750 1,528 0.082 | 0.507 7.89 0.48 Gage
57-T1 19,020 557 0.058 | 0.505 4.02 0.49 Gage
57-T2 34,650 1,061 0.061 | 0.502 6.40 0.55 Gage
AVG. 31,770 5.17 0.70 0.28
S.D. 8,766 1.89 0.32 0.02
C.V.(%) 27.6 36.6 45.7 7.1
* Apparent strain due to failure outside extensometer.fi;:>
6:7 v
Test Technician: ‘/(cgl~¢/<22221 Approved: .)¢:2440”‘-—
R. Bushelman 7 p. Braun
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TEST REPORT

CINCINNAT! TESTING LABORATORIES, INC.

Report No. 432-2177-00

TENSILE PROPERTIES

Customer: Allison Engine Company Date: March 1, 1996
Requestor: Kevin Kannmacher P.0. No.: N 519590
Material: Polyimide Sheet Molding Compound

Specification: ASTM D638-94b Test Speed: 0.20 in./min.

Pre-Conditioning:

Test Condition: 400 Deg. F.

Specimen Type: I
Equipment: MTS 20 kip #19

Machining Source: CTL

10 Min. @ 400 Deg. F.

S = Ultimate tensile strength in psi
Tensile strength (S) = P/bd Et = Modulus of elasticity in psi X 10¢
P = Break load in 1lbs.
b = Specimen width in inches
Modulus of elasticity (Et) = AP/bdY d = Specimen thickness in inches
Yy = Strain in inches/inch
49-T2 31,050 1,304 0.083 3.53 1.25 Gage
52-T1 17,810 865 0.096 0.506 2.26 0.89 Gage
54-T1 13,060 666 0.101 0.505 3.92 *0.35 Radius
56-T2 29,110 1,558 0.106 0.505 5.70 0.70 Gage
58-T2 31,820 1,699 0.107 0.499 5.63 0.58 Gage
AVG. 24,570 4.21 0.75
S.D. 8,564 1.47 0.34
C.V.(%) 34.9 34.9 45.3

* Apparent strain due to failure outside extensometer.

Test Technician:

R.

Bushelman
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TEST REPORT
C
CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00
TENSILE PROPERTIES
Customer: Allison Engine Company Date: March 1, 1996
Requestor: Kevin Kannmacher P.O. No.: N 519590

Material:

Specification: ASTM D638-94b

Pre-Conditioning: 10 Min. @ 600 Deg. F.

Test Condition: 600 Deg. F.

Specimen Type: I

Equipment: MTS 20 kip #19

Machining Source: CTL

S
P/bd Et
P
b

AP/bdY d
Y

Tensile strength (S) =

Modulus of elasticity (Et) =

Polyimide Sheet Molding Compound

Test Speed: 0.20 in./min.

Ultimate tensile strength in psi
Modulus of elasticity in psi x 10°
Break load in 1lbs.

Specimen width in inches

Specimen thickness in inches
Strain in inches/inch

50-T1 25,040 1,098 0.087 0.504 3.01 1.01 Gage
50-T2 19,440 859 0.088 0.502 2.36 *0.61 Gage
52-T2 18,200 890 0.097 0.504 2.99 *0.67 Gage
54-T2 29,990 1,560 0.103 0.505 7.61 0.52 . Gage
56-T1 20,550 1,052 0.102 0.502 5.35 0.37 Gage
AVG. 22,640 4.26 0.64
S.D. 4,850 2.19 0.24
C.V.(%) 21.4 51.4 37.5
* Apparent strain due to failure outside extensometer.
Test Technician: . Approved: </;;;kfi4&“”"—
R. Bushelman P. Braun
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TEST REPORT

CINCINNATI TESTING LABORATORIES, INC.

Report No. 432-2177-00

COMPRESSIVE STRENGTH

customer: Allison Engine Company

Requestor: Kevin Kannmacher
Material:
Specification: ASTM D695-91
Pre-Conditioning:
Test Condition: 74 Deg. F./50% R.H.
Specimen Type: Dogbone (Fig. 5)

Equipment:

Date: March 1, 1996

P.O. No.: N 519590

Polyimide Sheet Molding Compound

Test Speed: 0.05 in./min.

40 Hrs./74 Deg. F./50% R.H.

Tinius Olsen 12 kip Electomatic #31

Sacma Support Fixture, S/N 1514

Machining Source: CTL

compression strength (s) = p/bd

Lowon

Compression strength in psi
Break load in lbs.

Specimen width in inches
Specimen thickness in inches

49-C1 35,880 Gage
53-C1 41,130 1,642 0.080 0.499 Radius
53-C2 42,340 1,687 0.080 0.498 Gage
57-C1 33,830 996 0.059 0.499 Radius
57-C2 47,420 1,535 0.065 0.498 Gage ‘
AVG. 40,120

S.D. 5,403
C.V.(2) 13.5

, 5
Test Technician: //? e e Approved: (:;;Zgiiz4ﬁ———

R. Reeder
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@ TEST REPORT
CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00

COMPRESSIVE STRENGTH

Customer: Allison Engine Company Date: March 1, 1996
Requestor: Kevin Kannmacher P.O. No.: N 519590
Material: Polyimide Sheet Molding Compound

Specification: ASTM D695-91 Test Speed: 0.05 in./min.
Pre-Conditioning: 10 Min. @ 400 Deg. F.

Test Condition: 400 Deg. F.

Specimen Type: Dogbone (Fig. 5)

Equipment: Tinius Olsen 12 kip Electomatic #31
Sacma Support Fixture, S/N 1514

Machining Source: CTL

S = Compression strength in psi
Compression strength (S) = P/bd P = Break load in lbs.
b = Specimen width in inches
d = Specimen thickness in inches
52-C1 29,260 1,431 0.098 0.499 Gage
54-C1 27,150 1,352 0.100 0.498 Gage
56-C2 33,500 1,685 0.101 0.498 Gage
58-C1 30,280 1,511 0.100 0.499 Gage
58-C2 28,570 1,500 0.105 0.500 Gage
AVG. 29,750
S.D. 2,384
C.V.(%) 8.0
Test Technician: /{~ /<:<ny_ﬂc_\ Approved: - /Cgioza——~
R. Reeder P. Braun
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&l

Customer:
Requestor:

Material:

Specification:
Pre-Conditioning:
Test Condition:

Specimen Type:

Equipment:

TEST REPORT

Report No. 432-2177-00

COMPRESSIVE STRENGTH

Allison Engine Company

Kevin Kannmacher

Polyimide Sheet Molding Compound

10 Min.

ASTM D695-91

@ 600 Deg.

600 Deg. F.

Dogbone (Fig. 5)

F.

CINCINNATI TESTING LABORATORIES, INC.

Date: March 1, 1996

P.0. No.: N 519590

Test Speed: 0.05 in./min.

Tinius Olsen 12 Kip Electomatic #31
Sacma Support Fixture, S/N 1514

Machining Source: CTL

compression strength (s) = P/bd

o Yn

compression strength in psi
Break load in 1lbs.

Specimen width in inches
Specimen thickness in inches

50-C1 0.500 Radius |
50-C2 20,230 868 0.086 0.499 Gage !
52-C2 23,230 1,078 0.093 0.499 Radius
54-C2 25,690 1,305 0.102 0.498 Gage
56-Cl 20,830 963 0.093 0.497 Radius
AVG. 23,400
S.D. 2,965
C.V. (%) 12.7
Test Technician: S el Approved: ./(3;222,__

R‘

Reeder
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TEST REPORT

CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00

SPECIFIC GRAVITY/(RELATIVE DENSITY)

Customer: Allison Engine Company Date: March 1, 1996

Requestor: Kevin Kannmacher P.O. No.: N 519590

Material: Polyimide Sheet Molding Compound

Specification: ASTM D792-91, Method A Wgt. of Wire(W): 1.1631
Except Panel No. 55: 1.1689

pre-Conditioning: 1 Hr. @ 250 Deg. F.

Test Condition: 74 Deg. F./50% R.H.

Specimen Size: Various

Equipment: Mettler Balance S/N 57688

Machining Source: CTL

Sp.Gr. = a/a-b
49 1.6039 1.6253 1.40
50 1.8089 1.8000 1.54
51 1.5626 1.5805 1.36
52 2.2299 1.9987 1.60
53 1.6789 1.7239 1.50
54 2.1683 1.7230 1.35 |
55 3.1914 2.3442 1.58 ?
56 2.0614 1.8057 1.45
57 1.2621 1.5912 1.51
58 2.5895 2.0733 1.54
AVG. 1.48
S.D. | 0.09
Cc.V.(%) 6.1

5

/
Test Technician: S N e e Approved: (/;;2C3;4g:——~

R. Reeder P. Braun

~
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TEST REPORT

CINCINNATI TESTING LABORATORIES, INC.
Report No. 432-2177-00

COEFFICIENT OF
LINEAR THERMAL EXPANSION

Customer: Allison Engine Company
Requestor: Kevin Kannmacher

Material: Polyimide Sheet Molding Compound
Specification: ASTM D696-91 (Modified Temperature Range)
pPre-Conditioning: 40 Hrs./74 Deg. F./50% R.H.

Test Condition: 74 Deg. F. to 600 Deg. F. to 74 Deg. F.
Specimen Size: 1/2 in. x 2 in.

Method: Quartz-tube Dilatometer

Temperature Range(T): 74 Deg. F. to 600 Deg. F.
AT: 526 F. Degrees

Equipment: Dial Indicator: S/N 1104 Cal.: 12/15/95 Due:

Machining Source: CTL

Coefficient of linear thermal expansion(a) = AL/L(AT)

Date: March 1, 1996

P.O. No.: N 519590

3/15/96

52 2.001 0.001725 1.64 x 10
53 1.989 0.001065 1.02 x 10°°
AVG. 1.33
S.D. 0.44
C.V.(%) 33.1

4

-, { X
/4 "&ri:;,v4ﬁ—~ Approved: f/j;;%glau»———~

Test Technician:

R. Reeder

23



N B i B e B

-

ra o2

FLEXURAL PROPERTIES

24




wo

orssaud:
voneyuoly
ON 9L

1 {°

a

GI0]

SANNOd NI avO01l
wv Pm -‘m ndc-.....--..nu-.a--..-mgﬂuola 1m pd
o] 'bg “Sq] “RG WA "=~"""~"] ‘g "1 Wod PPIA

—

| ———'

— ed

(S

L

[ -

q

W R R
T T
T SANRREEEED 1
AL | |
i m i
uh i |
HHH T i !
| I ‘ ) O
» [ - 4 - <|,H ] u.\w... |-
_“. B h | i \. s, ‘.;‘.H B U‘l'. - | y, ‘
| P EE R T 10 e
“ ‘ S : 1A I RS
Ll - i 1 e P
HHEE T R . My
_ yr i‘.;.x Mv 4 N : ..w,l. . ‘J !
_ T TTTRET T
| : SEANRERAE: ‘ AN
_ : a3 -+ IRESEE ) w
m Il - NE ! j
: - - 7 —t—~ SEugE , ﬂ— IW. :
7 na u 1 . R w P ".‘ M L
1 S EaRE 1 i | :
T | I Y B R 1V i 1] |
: I i
1 ‘ RE T H
. . i _
- | + TIRE1E il
| * -+t B 1 R O e S S
L p : N s . R I
| | | | . ik HHE
M | i NAES
| | !



UOoISSIIAWOT)
vogeduo[z

o

O]

3 W) 2d

~=-1] bg "sq1 juIod PIFIA

UL

[ BN
a
ol
1
i}
ik i
RS L
T _.____
Amﬂ.
B ﬂ
R
i
'l
i
]

oo o
SGNNOd NI AVO1

sy pROPIY WD Pd

o] "b§ 'q] A WEWRL

NEQ

o 1
T
v ,_ TR
ot ,,
v H
. . i ;
_ S _ HE TR . ;
[ T "__ -4- !
M_,., ... w.w.,,_ _. ‘ .
ERE BERERERN AEEREE ‘ 11
AEERREED __ T 1 !
R } B ! o o o O O 1.
b ' <.V. i _ - E H.lﬂ
bt Pl il |1 REEEE
[ »”_w..“ ! ch L“ |
: o ! RN g = R 1 :
T _~”;..j_. i .___“ i __* P
5 RRERRE
: | .:_. | RARERREE N
! i N . . I i ' “4._
i) ;“" “ mm__:v. "."M__w ~>D.D:_w .
B N NS B

ON ®L

9TIs

26




SANNOd NI GvOo1

"~

HERRRRE
” i
I e o
: ! o
T
| ]
| _ i
T

4_’ Vit

- w T

RN 1

d

NN

vorssadwo)
U] g ooneduo[g
oN WL

371§

=APU

Y

By

sy NIy WD

]
&
-y
s
F

e

27



!

s
Ty

1
i
I
'
|
!
T

1Y

R

PSS USRS S

|
!

L

[l
-

[

st

(€|
ON ¥L

0o

sorssaadmor)

o

SUPOU]
92IS

SANNOd Ni avol

wv Pmm -m na-u--—......un.-..umm m nd

s Ran— ‘bg ‘sqT Juiod PRPIX

oy *bs oq1

L

28



G- -

13
ON L

727!

ks

[P

St §
L)

Y

=Y

PRIA

wiod

SANNOd NI @vOo1l

!
1
'
|
1
'

e e ¢ .bs .m

wIy P’W D n{"""""""""""‘UOWUOI’:I ) RBd

SyewrnlN)

[ *bg qT "AS

e e

g’

r

Froar

29



I

HE

roA

TENSILE PROPERTIES

30




T
T

1
™1

9 05 i I

1112

T

T
V[41‘
|

JE I
|

-

T

)
1

ST
IR

===—

1

R
LB

I

I

+

)

i

=

Ll
=
)

R

RS
ek
o d

IR

:

T
N

ans!
‘ili

I

)
=

L
]

[
il
Rt
!
181

H

N
T

1l
R
1t

T

[
b

ek
BB
LA
R
I
BN

!

T

1

"

il

B
P
Rt
—
(R
RSN

|

q

anrul

1w T
rh‘an
.
Pr1 -

4

1

I

s
1

4

31

[l

o

-
f At




32

TTITITTTTILLL 1
. ; T
: - 18 HE BT
i 1] : ‘ i
T r i :
L et 13 1 8
paaanEnt
\
-l’ [ - T
| s 3
N 2
| 83
|
) |
1
) | H
1 .
| §
y e :
[ ]
1.4
h —
<+ : :
114 11
p -
1]
0
i r N nd
) |
i us H
T P L ®
¥ 1
1
1 1
- - - -
. -
sab
u o) h
sEE
Al
1 '] u
1 | 1]
asJune
1
3
] ¥
-N
13 ]
]
L} BER
2




[

T
T T TIIT T T T
. - sEenl i 1 - . ERS " J113] | + AHHHA 1

1 | apsEnl J R . 1111 | T | i ] 1
T [ ) BANSERARERS ] - . 1111 RENERARAN HH 1 Htt s
T H- T ) T T Ve R T T H TS 1 11 1) ) |
- 4 +1 EQNEREEEE Hilteer et - 1 I8 T -
; 1T T : - 3 = h =
11111 - TT1TTY T ™ 1 B 1] qr by
ANUSENENUNNUNENERRNERRRE SRS SREES S 44- 4 A4+t 8 LT 1 -
: T [] T A - 4
1H Ry SHENREAREDS SESEBEpEEREN H -
8 SENEE RESNDREGANERE 131 H HH ERNEgRpRE N ]
: HH ‘ I I 1 3] aGEEEBEN
) 1] AREERANS 1T 117 (1] e ] 7 e - a .
T —- 444~ —4- +44 KBRS T
T B 1L IT J 4 -
1111 Hi ST H
BR ] AENGENONBEEUDRE RN ] [ 1- L
. 117 *ﬁl + LA ] REARN A dB-NL 8
T N J4 4+ n L1 . : : v
R HHH BENEEREYENNRR 34T -1 i M £ _
’ i 1 AENEERN 11l - 4 T R
B ] H- HHHA R ¥ m H
17 1] ERRE RN 11 1118 - SNQUNNN -
e
: L @ |
nr
11 : a8 .
- - = _ll
HT ] 4
a b1
1Y
TR ]
1
{8 HA
: ! ; an
1
i : AL
Q
a I ks
i H
: bl 1
o [ 1] C
u us ] xw. 5
n s 1 |11 - - Y 11
11 [- A REENERENAREEE N 4 : e =a8

-

33



EmaENEENEE SRS T
‘ T ‘ T T R T R R e T
4 ] - 1 dElY L _ 1 1 11 - 171~ i . B — i ] T ST : . .
| ] EUANERR ; ] X ) R s - - HRERN R - |- 4
al | HH | . ! HE BE
st | N : 1411 RuN 123 -t :
H1H Hir HA T iRt P HAH T | SERRERREAY R RARY RE R SaRREE
11 N SEBERNEN ) - 1—¢- - e -1 - t- 1 1..‘ -++ - !
T BEREERNREN : 1 ; ; L
BANNRNBRESEN THITTF I T i A - BEN H i I
RERNERRRN gERbRAREnEREREN T eI A e - 1143 : 441
LT il ‘ | ] : i :
SENNGEERREERREEGREREA S RS T + h “
RNl 1 THTL AT B T THEATEH I H A T HE T Al e ARRRR]
HH L RS U P P SRR R L A L R an |+
- H- + - H - - 4+ +4-14- - |- — -4-4 Mi -4 3
T R REREBRERE EEDRUNBREENERE ANDEEEREREN 4 )
T T T T RERR HIHH H A 15 1t . ]
: ianas (f a3 . 414 SENAERDREERR 3 T 1 ARt 2 B
I i agada e 1. NERERN 1] 4 1Y
aERENN TH 1. 4+ 4+ + -+-+ 11 4+ttt 4 ] at pidin
T HARBIRURE ) ] 11- NONEENENEEDNENERERER Y 1 n
Ty T T TR T EL T E y HTHHH L RERE Hiy
| - -4 {- -+ 1.3 4-3- 44 hE4-H4-14- 14~ a=
Tl EARRERK HU A
N 1T u AT T 1T CETEEHE R H TR THEH :
T HH T MERRN Tt e e ey A - LT § 11 s 4
11 - i +--4 +4 -1 -+t 144t 4111 HL T TIE: 11k i
T TR L T 1S SEAREAREND 1 AENNERERARAEERAY 1] : :
- ARSANREEN VN 1130 11 TR H - ¥ 1L H1¥ |-
- Tur g A THA Y NEERN NEDE BRRES THA : ; il
T T ] R . i
i RARN A H , . i
T] Hit - HH : |
T ‘ |
] H m.x
] 1 4 ) 4 [
| Pl ]
. : 1 :
HrH
T
37
Ruue B - o
1 ; ]
u
It 1 .
1] 11T I y i
. i M A
a1y [ . e
T T .
T T TR R T - 1 11 - 41 HHHHT HE 3 :
: T 1 Fr T 1 1 T 1 <w‘ ‘r‘ 4 M L4 4 1-+14 11 l“w - - - 4+ 4 - -4 Y
1 AR HAHHH- k ENRES ERaRd TaThE .
¥ ik ] SHASAQURNNRNENERRREN 1 T A HHEHHH :




InNEEEEREI it 3
T | T , ‘ 7
AT [ ! a : b : : -
L HH - - - . { ! ity +1 1
- N JHF T - ! 18 R ABAREE
T i T - KLT 1AL
ae i Hit g _ 1HE Riss ‘ T
T il ARRARIAS ‘ - : ] 1 funint-8 iR puInAsuaNT
A I HHAF TR i {EH T EH T HH
EpEREEE 1 H L T ] T T HHHHHH AT
. ne ] - AT H T et e e e e - : SIE TR I
sas 1311314 444 4111 thram T L] 11 o p TH1 A THEDLESS 11 -
1T 1T U e 1 BE us AmRRE " ] J 1L 1
3 B ] B NERNGEEREE X — [ 3 1
H T AT TR T R T e e R D LR R SEEH T,
HHAT T supuEsRRRE . : i ilidsse Sm puy N puE
i 1 : 1 XNNGRARRE . ar s - HA
14 44 - -1+t 1 1 Jili -1+ 4 -4+t 14+ttt 11+ - c=8
A neguenessusingin RnusRanugREtE SusdiRnaREan AR
a H THT EEESRRGEERRERES FHHH TR R e A e A T annrag
SuNERRENN THH R HA A A3 L A T H AR T 1H i
T HHTT Tt PHEH HH T - T
THH . HHH T TTHT HH EESERNRERN it
suligideh T e e T R Tt as ARAERSNERER gRnaniNg T - ﬂ. £
1T RERERANAD - - A St 117 SguRsaEREELe jENRENNE ]
] THIY I H 11 At T aEuEE -1 B SEBEaRN
EERRAREEORRERE T AL THH B U A T . HFH
g H Sassgiankainaiinpgs jasast H} T a HH- { by
1 [ BRES 1-+1 44 -1 111 TTLUT IV AL L BN -4 ¥ Lol
T 11 FERARERE H414-H1+ 411111 BENpERRNENN] AEANER b~
+H1 ittt 1 s 444 - -1-1-1 Tl 11 ¥
L 44 P 1] 1] -+ 111 b - |4
annis - . ung
1 414 J1HAL 1 4 ]
] - T 4 -
H i
T T
1 !
u REES 1113 uER=an
SpuEN I
1 - SEENES P
THTTT s 111 .
Y H- I - I
[ H- - H T [ 13 -
4] - N
] Esas HAHHH mESl
1 HHILTHHE THHH HHH ; o
S T I R H E R R R R R DR H ;
ST R AT T E e A T Hit - aaea
EEREARE EREREEARn s annannnn A RROE NN ERN I HA-
L
L ; ; ! s ] ’ [ ! -

35




T “ i T T T I T I B e
: | ‘ Hatih AHAHHE :
8 : ] AERART Hin T3 Tt R B s :
B L A S T A LR U TR -t
! T 11 EN 7 i - —
11! T11H1°1 - : - T r = 1171
1771 N I ) : \414 1] L~ 44 -
RsanndannRRARN 4 SRARRRASE1RRERN ] i ) 11 ;
HIHAHHER T HUHYATT T LT HERS M s
8 A EIE L R A HA ERR LA ] THET
H - HH- H 1 | '] ¥ — 1
; THT GuRSralge’ InuREARRARERES I RA RNy 820 e
THH T e THITHH T RAREL ugsas N -
1 111t i1 Tlit : =l
TR B3y BRRARRRRIRERRARRARGT & THEH1]
5 - §5 SRR ARERS A T .
§ THT b B304} 4807 jaassas 2
. 1 THH A H M T R e e e &l
HB T M A HS
HHTH ReR R AR RERANRARRAASEARARERY [Reunns ErdRinasRiasent e
A H A R N H P T i:fead acinde gl

i

I
[
—
T
T
It
il
Bl
o1
1
I
i
.
1
t
1
(38
|

H/ ‘l‘um‘uwu‘ur;>‘ ‘BT

.
|
i
i
|
)l

|
4

)

t

1

N

L

l

=
“

36

i
;

T o

IRi’d 4
et

‘ REERGERS N
. A THATEI HTHALE AEE 3
gunn ] JEREE A1t :
NERNBREAS ITEE A 11

ik |

0 T U I O A O By 3 A B S 44 -4 -+

[



N -4 & Jd- ul.“
- Nk\Wh - \u \.N
TL S i L \»

T

!

3

™

T
T s =
t
A
1
1
)i
i
3
)
v
1
i
A
L
1
T
)i
T
}
i

=
‘
1
T
:
T
I
!
:
T
T
i
¥
T
;
1
-

1
T
.
|.
L
T
1
+

.
111

IR

ey

|
H
!
+
"
T

:
T
1
TV
"
+
i
Y
I
}
H
T
>
I
1
T
|
)
-
Y
Ii\
-+
IY
>
-
Jull
:
,
—
e
T
'

L
It
T
T
T
T
i
T
-
i

HIHAU 1 PN B B

a2V ARERRREREES AT : " FHHEI 1
: - YVVI.IA\Hv\l‘ 1- 11 i ) \l? 4 ne 21 3+4 41T -+ — 8 ”’u‘v nr.A“vV
(1] ani ] a1 1 - v ERERRRAE DS 1‘“1 R ]

at T sausnansnsf AERSRRRRERER SUBR/ dSdnnidnns: N BE R
: AT EHT R D Bh i
i : M 1H 1 1 H f [I.M.ll! 8 - W B
ERpLEnanay (RERpRaRRR RS fay/AaRasBassunpnun/munps as
AT EE R 1111 NARN 1 :
RRREERY duniEaneacd iRy BV S4RERRSRuRES diiraleiiacescantinet A
] . 1 1 1 - 11 1 | 111 T 111 1 111 N i -+

l “ d1 T HH o1 ] T
: i { : ‘ AT HH R RHR TR THIFET
: ] H SHHHETATHRHE A S oA i T R 2
g g T M! n (171 RERY ST IR 1AL TTIT L] 1T - .) 1
BRERERRRERiRsRRRNT ARRRRUCHAR  aRtRRR) HES EReERRsatat: T
H i HRH T e PR H 1A : s
H sa! akg a7 igspeass AT nsm . o
HHH H 1T 1 ek e

Rea THH . Hib |
HH L :
H St sadliet ¥H
1HT i JaARESNANN I RRANE SENBANEEE A T

R RN E L B A R T ¥ H

T frases H . : H
SERE RS 1 . I T313A AT EEENRERSE s n e
T B AT SBRpauiagdnasduassy ne H i

] N T AT . i it 8
auaiEgay ; Nllxﬁ-;. e e T ns
T R A T it ]

111

J
[N
R

e

7
1
T
+
]
l
r
|
L
1
Il
L
"
;
-
.
t
T
-

1
i
1
:
H
1
1
|
1
T
1
it
)
t
I
L
L
I
i
1
)
i
T
]
i
1
)
T
T

: U L A R T R T :

y—




TLAS - k-%h, TL-CS [ L9S 1L- 25
o /

Ty

1
M

A «~< i . - J §

—
It
—e= 44

RNCERRARAREE (REGutain m gEridas
L . TAERRERY &1 T BRRNERRS LT T k8 881 ERG B
R | RReaansaRranddag SANEARE b i T LT z W
THIHT 8 . AT UL 1 ; b
; T R H T FHEC puug
11! IRRRERNRa anadn wdasabugiy ,PU\N T BTl 1 -
-+ ] + 4 HHHHH T S ATE T
T AR T A T L T
T AT ERanmaanf ANSnpr A puREnE fUX RNNpaRLIRERRY SR8 2 s s :
SIRSERRARPEnun 6/ ipgunnaduy e R HH AT m o
BRSEAR) GRgSunp)Rey THHAEEE I VP |
T E R T T RRRAY /i JT L AT “ .
i . 108 m. ‘\E T . P‘ HHHHE w 4314 H B
UV HRAT R7/(RERR Santunniuf BRERRARANAREY" SRRRNES LT : .
AL \ PR A e H W R ] a
gl neagl ANEREpEE AR H L ,p\“%.. T 1 i
1T 1 ¥ S7dupunnugunt Bad ARADARE : §
T e L H I L R : i

1] A H e
1]
)
h -
: T ]
11 ISR U 31
~ & uy N [

38

]
TR i
- - i i L]




COMPRESSIVE STRENGTH
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To: Dewey Browning

Cincinnati Testing Lab

From: Mary Galaska

University of Dayton Research Institute
Date: March 15, 1996

Specific Heat Measurement

The specific heat of your sample was measured on a TA Differential Scanning Calorimeter (DSC) 2910
using the routine method as described by TA. This method requires separate scans of a reference, a
sapphire standard and then the sample. The scans were run at 10°C/minute through your temperature of
interest (600°F) (316°C) in a nitrogen atmosphere. The raw data is converted to ASCII files and fed
directly to our computer program for determining specific heat.

The specific heat of your sample was determined to be 0.5839 J/g°C or 0.1395 cal/g’C at 316°C.

Glass Transition Temperature

Your sample was analyzed for Tg using a TA Dynamic Mechanical Analyzer (DMA) 983. The sample
was run from room temperature to 450°C at 2°C/minute in a nitrogen atmosphere at a fixed frequency of
1.0 Hz. The Tg is normally taken as the peak of the loss modulus curve and read from the tabulated data.
The Tg of your sample was determined to be 378°C.

ThermalConductivity Measurement
The thermal conductivity of your sample was determined by using a modified TA DSC as described in

the enclosed paper. The sample was first analyzed at room temperature and then was analyzed at 600°F.
The results reported are an average of seven measurements.
The thermal conductivity of your sample at RT is between 0.4166 and 0.4289 W/mK.

When measuring the thermal conductivity of your sample at 600 °F, the lubricant had to be
eliminated due to the extreme heat requirement. The instrument was calibrated with two Pyrex 7740
cylindrical glass specimens and these experimental values were used to calculate the thermal conductivity
of your specimen. Six measurements were taken of each specimen to obtain a more accurate average.

The thermal conductivity of your sample at 600°F (316°C) was determined to be between 0.257 and
0.296 W/mK.
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CALCULATION OF HEAT CAPACITY USING TA 2910 DSC

The calculation of heat capacity by Differential Scanning Calorimetry (DSC) (ASTM E1356) has been
routinely performed for years. In TA’s DSC, the experimenter performs three scans. Empty reference
pan, a standard material (such as sapphire) of known specific heat, and the sample material. The three
scans are plotted on a single graph of (mW) vs. temperature.

In order to calculate the heat capacity of the sample, at a specified temperature, a cell constant “E” for
that temperature must be calculated using equation #1. From the graph, the heat flow (AY) is determined
graphically and converted to mW in equation #1. The heat capacity for the sapphire standard is obtained
at different temperatures from a table of known values supplied by TA- After “E” has been determined,
the heat capacity of the sample can be calculated by solving equation #2 for Cp and substituting in the
respective values of E, AY, m and Hr for the specified temperature. At the University of Dayton Research
Institute, we have written a computer program that will perform heat capacity calculations from DSC
data. For this program, the samples are run by the routineprocedurcdscﬁbedbyTAbmthedatais
converted to ASCII files where it is read directly by the program. The calculation performed is slightly
different from the routine procedure. Since the heat flow data (mW) is read directly there is no need for

the conversion factor AQs. In addition, equation #1 and equation #2 are solves simultaneously resulting

in the simpler equation #3.

Cp HH m E 60 Ags AY
Equation #1 E = Equation #2 Cp =

60 Ags AY H m

Where Cp = heat capacity
Hr = heating rate °C/min
Ags = converts cm to mW
m= mass (mg)
E = cell constant
AY = distance between standard or sample and the reference in cm



Cpx M AYm
Equation #3 Cpum =

M, AY,

Where Cpu = heat capacity of standard
Cpwn = heat capacity of sample
M., = mass of sample
AY, = mW reference - mW standard
AY,, = mW reference - mW sample
M, = mass of standard

Your sample was analyzed for Cp by performing DSC runs on a reference, a sapphire standard, and
your sample at 10°C/min through your temperature of interest and then using the program to calculate the
Cp from this data. The heat capacity of your sample at 600°F (316°C) was determined to be 0.5839 J/g°C

or 0.1395 cal/g°C.
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FILE: 10°C/min

STANDARD: 10°C/min

SAMPLE: SMC SAMPLE — CINCI TESTING LAE

COMMENTS: 10°C/min

TEMFRERATURE
DEGREES C

310.00
311.00
312.00
313.00
314.00
315. 00
316.00
317.00
318.900
313.00
320. 00

HEAT CAR.
J/g — deg.C

- 5845
. 5856
. 5866
. 5884
- 5305
.S773
. S83%3
. 5859
. 5874
. 5897
. S317

HEAT CAHKF.
CAL/g - deg.C

. 1397
. 1339
. 1402
. 1406
- 1411
. 1379
. 1335
. 1400
» 1404
. 1409
. 1414



Date: March 3, 1996
To: Cincinnati Testing Lab
From: Mary Galaska, Dr. Richard Chartoff

Your sample was analyzed for Tg using the TA Dynamic Mechanical Analyzer 983 in the
fixed frequency mode with a frequency of 1.0 Hz. The heating rate was 2°C/min in a nitrogen
atmosphere. The Tg is normally taken as the peak of the loss modulus curve E” (Pa) and read
from the tabulated data. The Tg of your sample was determined to be 378°C.
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Introducing the 983 DMA

Overview

The Du Pont 983 Dynamic Mechanical Analyzer (DMA)
is a highly sophisticated thermal analysis module that
can be used independently or with the Du Pont 9900
Thermal Analyzer running at least version 5.0 software.
The 983 DMA is an instrument that offers a rapid and
sensitive means to simultaneously obtain an elastic
modulus (stiffness) and a mechanical damping (toughness)
for materials. The 983 DMA has three major parts: the
drive assembly where the sample is clamped and enclosed
by the oven, the oven where the temperature is
controlled and the DMA base where the system electronics

are housed.

The 983 DMA module measures changes in the
viscoelastic properties of materials resulting from
changes in temperature, frequency, and time. There are
four modes of operation, resonant frequency, fixed
frequency, stress relaxation, and creep. Each of these
modes measures different aspects of the viscoelastic

properties.

Principles of Operation

The sample is clamped between two parallel arms and
is deformed under a constant stress, oscillating stress
or a constant strain, depending on the experiment mode.
The behavior of the sample under this deformation is
monitored by a linear variable displacement transducer
(LVDT). The following sections describe the four modes

of operation.
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. Resonant Frequency Mode

When operating the 983 DMA in the resonant mode,
the sample and arms form a compound resonance systeém.
The sample is displaced and set into oscillation.
Normally, a system so displaced would oscillate at the
system’s resonant frequency, with constantly decreasing
amplitude due to the loss of energy (damping) within the
sample. The electronics of the 983 DMA, when operating
in the resonant mode, arc designed to compensate for
this loss of energy in the sample. The amplitude signal
from the LVDT is fed into a circuit which in turn
provides an output signal to the electromechanical
driver. The driver supplies additional energy to the
driven arm forcing the coupled system to oscillate at a

constant amplitude.

The frequency of oscillation is directly related to
the stiffness or storage modulus of the sample under
investigation, while the energy needed to maintain
constant oscillation amplitude is a measure of the
damping within the sample.

° Fixed Frequency Mode

The fixed frequency mode is similar to the resonant
frequency except that, the oscillation frequency is
fixed. The sample is forced to undergo oscillatory
motion using a sinusoidal driver signal. The sample
displacement is monitored by the LVDT and the lag
between the driver signal and the LVDT is the phase
angle. The phase angle and drive signal are used to
calculate the storage, loss modulus and tan delta of the

sample.
o Stress Relaxation Mode

In the stress relaxation mode, the sample is flexed
by displacing the arm position a specified amount. The
amount of power required to maintain the selected
position is then monitored as a function of time.
Additionally, sample recovery is measured when the
sample is released to an unstressed state.



Technical Specifications

Table 1.1

Measurement Ranges

Modulus Range

Modulus Precision
(5-30 Hz Resonant)

Tan delta:
Resonant Frequency
Fixed Frequency

Amplitude Range
(peak to peak)

Resonant Frequency
Fixed Frequency Range
Phase Angle Range
Phase Angle Precision
Stress Relaxation Drift
(at 300 °C for 1 hour)

Creep Drift
(at 300 °C for 1 hour)

Temperature Range
with LNCA

I1MPa to 200 GPa

5%

0.002 to 1.0
0.002 to 10

0.1 to 2.0 mm

2 to 85 Hz
0.001 to 10.0 Hz
0.0 to 2.8 rad
0.001 rad

(0.06 deg)

< 5%

< 5%

ambient to 500 °C
-150 to 500 °C
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Table 1.2

Sampling System

Length Range

Max. Thickness

Max. Width

6 to 65 mm vert.
6 to 57 mm horiz.

12 mm vert.
12 mm horiz.

15 mm vert.
5 mm horiz.

Table 1.3

Temperature Control

Program Heating Rate

Isothermal Stability
at 100 °C for | hr.
subambient

Temperature Precision

Programmed Cooling Rate
with LNCA

Cool Down Time
(Ambient to -120 °C
with the LNCA)

Purge Gas

0.01 to
50 °C/min.

0.1 °C
1.0 °C

1+

+0.1 °C

1 to 5 °C/min.
to -150 °C

15 min.

N, or air
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rile : C:RUN2401.01 Rur
Caanmnert @ Z*Clmirm, NIT

Sample : SMC SAMFLE CINCI TEST
Moadule : DMA Fixked Frequency
plethcd : DMR-ZPC/MIN

Operatcar : GRLASKA

Size : 25.45 n 12.33 % 2.11 mm
Foissorn's Ratic @ Q. 4490

Lerigth Correcticr : 0. 000 mm
Shear Distorticom : 1.500
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DMR V4. iR Ols18,306 15:03:5

[A]

Temperature E? E" Taws Deit:
PG {GFRa) (oFar
114,00 11. 886 Q. 1832 0, 0150
115, 00 1i. 56 0. 31832 D, 08581
116, 00 11.84 Q. 18349 O, 01558
117,00 11.34 Q. 1833 Q. 0SS0
118. G0 11.83 0. 1845 D, 01550
113.00 11.33 0. 1348 Q.01 S0
124, Q0 11.82 0. 1843 0. 01568
121,00 11.31 Q. 1850 O, 01568
122. 00 11. 80 €. 1850 Q. 01568
123,00 11,30 0, 1851 Q. 00T
124, 00 11.7% 0., 1856 O, 01373
125. 00 11.78 O, 1857 0. Q15T
“iZe. o0 11.77 . 1856 0. O157¢E
127.00 11.77 0. 1855 D LT TT
128. 00 11. 786 O, 1855 G, Q157
129. 00 11.75 Q. 1854 O, 0L57E
130, 00 11.74 Q0. 1852 O, Q1T7TE
131,00 11.73 Q. 1848 0, iSTE
132,00 11.72 Q. 18456 O, 0157¢c
133, 00 11.71 Q. 1341 D, 15T
134, OO 11,71 D, 1842 O, O1ETE
135, Q0 11.7Q Q. 1843 D, O1STE
136. 00 11.7Q Q. 1840 L. OYSTE
L37. 00 11.6%3 O, 1834 V. 1S6T
138. Q0 11.65 0. 18349 0. 0157
133, 00 11.867 Q. 15831 Q. 01IT6T
140, OO0 11.66 Q. 1825 O, 0136
141,00 1i. 686 0, 1316 O, 0SS0
142,00 11.65 0. 1815 0. 01558
143,00 11.864 O, 1807 O, 0155
154, QO 11.863 Q. 1803 Q. Q1SS0
145,00 11,82 O, 1737 Q. 01548
145, 00 11,62 Q. 1731 Q. Q1354:c
147,00 ii.61 Q. 1787 Q. H1S3%
148, 00 11.060 Q. 1776 O, 01531
145, 00 11.59 Q. 1770 e DS
150. 00 11.5% Q. 1764 Q. 015&c
151, QO 11.58 O, 1758 Q. 0iSis
152, OO0 11.57 0. 1793 Q. 0151
153, 00 11.56 Q. 1704 Q. 0508
154, 00 11.356 Q. 1737 Q. 01S03
155, Q0 11.55 e 1726 J. 01955
156, 00 11.54 Q. 1719 Q. 19877
1S7 .00 11.53 D, 1TOS O, 014314
158, 90 11.53 O, 1029 O, DisToe
155,00 11.352 Q. 1631 LR R ¥ =)
160, OO 11.51 0, 16581 Q. 01a80
151,00 11,3590 O, 1672 PEIE VY B =P
162, 00 11.50 D, 1663 e i 900
163,00 11,45 Q. 1653 Q. i35
164, 00 11. 48 Q. 18642 D, 019312
165, OO 1i.497 0. 1830 IR PR UF TR
166. OQ i1. 486 . 1615 D, 01410
1867 . 00 11.45 O, 1610 Q. DI H08
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DA el iR Q1/18/796 13:03:53

Temperature =1 E” Tarn Deita
20D vGRa) 1GR&)

168. Q0 11.485 O, 1597 ) 01355
169, GO 11. 44 Q. 15849 O, 01385
170,00 11.43 . LST3 D1, 1376
171,00 11. 43 Q. 1363 O, 01303
172. 00 11.42 O, 1552 .01 355
173,00 11. 42 Q. 1536 Q. 01395
174, Q0 11.491 O. 1525 Q.08 337
175, 00 11. 40 Q. 1513 0. 01327
176. 00 11.40 Q. 14393 Q. 01315
177.00 11.32 Q. 1485 O, 01303
178. 00 11. 3% Q. 1H72 O, 01233
173, 00 11.38 0. 1458 0, 012561
180, 00 11.38 Q. 1990 D, 01278
181, 0¢Q 11. 37 Q. 1632 0. 013257
182. 00 11. 30 . 1518 Ve 012403
183, OO 11.36 0. 1407 0. 01238
184, Q0 11.36 Q. 1333 V.01 227
185, OO 11,35 0. 1380 0.0l
136, 00 11. 34 Q. 1363 Qo 01207
187,00 11. 34 Q. 1358 0. 01158
188, 00 11.33 V. 1396 0. 01188
1853, 00 11. 33 0. 1332 Q. Q1170
130, 00 11.32 Q. 1382 O.0ilod
121,00 11.51 Q0. 1312 oL 01157
1952, 00 11.30 Q0. 1296 .01 190
133, 40 11,30 Q. 1287 0. 01137
154, 00 11.238 Q. 1274 Q.01 leD
1395, OO 11.27 Q. 1263 0. 0320
1396, 00 11,25 V. 1252 Q. 01183
157,00 11. 22 Q. 1235 0. 01101
128. 00 11.12 0. 1218 Qe O103T
193. 00 11.14 Q. 1200 Q. QL1077
200, OO 11.05 0. 1367 0. Q1057
=201, 00 1Q. 39 0. 1162 0. 01057
. QO 1C. 33 0. 1147 O, 01045
203, DO 10,98 Q. 1140 D.01038
208, OO 10,38 O. 1124 D O A0S
05, VO 1Q. 27 0. 1114 0. 0101
206, OO 10.36 V. 1107 O, 0010
207 . 00 10. 36 0. 1037 O, 0i00L
=208, Q0 10, 35 . 1031 Q. 03555
203, QO 18, 25 0. 10706 (. OD831
230,00 1Q. 54 0. 1060 O, QOBTH9
211,00 10, 33 O, 1056 DL 002663
21z, Q0 Q.33 Qe 05D Do VOTDOD
213. 00 10,33 0. 1047
= 14,00 10,32 Q. LO3T
215,00 10.31 Q. 10249 >
216, 00 10, 82 Q. 1010 4
217,00 10. 8% O. 1008 G, 00525
218,00 10, 838 0, 3BT DBl 30
S15,00 10, 86 G. O304 DL 009100
220, Wi 10, 87 O, 09333 D, QOTIVRE
231,00 1G. 87 0. 05745 G 20837 2
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JTemnperature £’ = Tarn Deita
{2y iGha) Ghar
222, 00 10, 36 0. 09640 Q. 8877
223, 00 10, 85 Q. 0IST3 L. OOBBVO
2EH, 00 10, 85 Q. Q3476 G, QOBTEN
225, 00 10, 84 0. 03388 Q. QO3858
226. 00 10. 84 0, 03318 D, O08TET
227 .00 10.33 0. 324 L. OB 30
228, 00 10. 88 Q. 03152 Q. QUB4L351
223, G 10.83 e V0BT D, OBITO
230, QO 10, &2 O, 03957 Q. 08315
231. 00 10, 82 D, 08312 0. 0038239
232. 00 10,31 Q. 08870 D, QOBZ0S
233. 00 10. 81 Q. Q37649 D, QOB L0
Z34, 00 10, 80 Q. 0863758 Q. 0080GE1L
235. 00 10. 80 0. 08613 DL O0TITO
236, QO 10.73 Q. 08507 O, 007861
237 .00 10.79 . 03443 Q. QT2 S
=38. Q0 10.75 0. 08343 D, QOT7 T A
=33, 00 10,78 Q. 08320 Q. 007716
=40, Q0 10.78 Q. 08212 Q. Q07613
S41. 00 1Q.78 0., 08132 Q. QUT7S54TS
oz, OO 10,77 Q. Q8043 O, GOTHTE
2&3, Q0 10.77 Q. Q7332 O, YOT7 381
40, OO 10,77 Q. Q7855 Q. QU7228
20T, QO 10,76 0.07811 Q. QOT2S7
2H6. Q0O 10,76 D775 . Q07166
ZHT OO 0,76 . Q76149 Q, QUTOT7 3
248, G0 10.76 Q. 073345 Q. QO7004
=43, Q0 10.75 Q. Q7487 Q. QOBF62
250, OO 10,75 Q. 07323 Q, 006875
251, QO 10.7S O, V7235 D, VOBTH3
25s. 00 10.74 0. 07236 O, OOBT AT
253,00 1Q. T4 D, Q7209 . O0BTOT
254 . 00 10.74 0. 07111 O, QOBBS 1
255, 00 10,74 Qe Q7047 D BB 3
2T6. U 10.73 Q. D700 O, 0B35S 3
2S7. Q0 1Q.73 Q. 08931 Ve QOB HBU
258, GO 10.73 Q. Q68355 0. Q06353
253, 00 10.72 Q. 06786 D, QOB32%
260, 00 10,72 Q. 06747 O, Q06291
=61, 00 10.73 Q. 0BB23 Q. QOB 1T
262, Q0 10,77 Q. 08573 Q. Q081045
263, 00 10,75 0. 066306 Q. 00B17T S
264 . L0 10,85 Q. 068655 0, 006136
265, V0 10, 36 0, VBT A0 Q. QU LEH3
ZB6. D 10, 95 0. 0BB3 0. Q08079
SBT . 10,37 0. 0B63 Q. QOB FO
SB8. Q0 10,37 O, QO63H D, QUB0OH TS
2B 0 10, 37 D, Q5823 Q. O0BOSe
ST, 100 10,37 Q. 08583 2, US597
=T1.00 Q.37 L, 0BS18 D 00S30 L
ST 2. 0 10, 37 Q. 05433 Q. S I0
2T3. Q0 10, 97 Q. ODOHH 3 D, VTR T O
ST A 00 10,97 . 06330 G QOSBeT
275, Q0 10,986 Q. UB3T6 n, QDTS
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rature

{~C)
Z76. QU
27T 7. 00
278, 00
279, 00
=30, QO
281. 00
282, 00
z83. Q0
284, Q0
289, Q0
286, Q0
287. Q0
=288, 00
283, 00
230, 00
291,00
=232, OO
293, O
234. 00
235. 00
236. Q0
237 . Q0
=38. 00
235, Q0
300, GO

301,00
302, QO
303, 00
304, OO0
305, Q0
306, QO
307. 00
308. Q0
303, 00
310, 00
311.00
312. 00
313.00
314,00
315, GO
316. 00
317.00
318. 00
319, Q0

S0, V0
a2l. 00
S22. 00
323. 00
324,00
325,00
326. 0
A2T e 00
228, 00
325,

10. 36
10. 96
1Q. 35
10. 35
10. 35
10,35
15,35
10.35
10. 35
1Q. 35
1Q. 34
10. 94
10, 94
10, 34
10. 94
10. 34
10, 34
10,35
10,234
10.33
10.78
10.65
10.65
10,865
10. 64
10,64
1G. 77
10,32
10, 31
10.76
10,63
10.63
10, 862
1. 62
10. 62
10. 62
10. 62
10.865
1Q. 85
10. 38
10. 88
10, 38
1. 87
10. 87
14, 86
1. 36
10, 85
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r orA o, IR Q1/13/,96 15:03:33
[,
r Tenperature g " Sars Deita
. () {GRean iGFan
- 330, QO 10. 85 Q. 06304 O, OB 36T
331. 00 10. 84 0, Q7055 QLGOS iv
. 332, QO 10.83 0, V7164 D, 008612
333. 00 10.33 Ve Q7285 Q. QUB7o8
r 335, QO 10,82 Q. 07605 Q. 0070382
. 335, 00 10, 81 Q. 07773 0. 007135
‘ 336. 00 10, 81 Q. 07977 0. Q07383
r- 337. Q0 10, 80 O, 0817 Q. QUTSTO
338. GO 10.78 0. Q8517 Q. 007898
-~ 333, 00 1Q.7 Q. 08830 O, 00BN
_ 340, 00 1Q. 76 0. Q3135 O, GO8487T
341, Q0 10.7S Q. OFH0OT Vi, QOB T 43
“ 342, D0 10.745H Q. 028530 D, 003160
343. 00 10.73 Q. 1023 G, 02538
- 3H4, OO 10,71 Q. 1061 Q. 002907
o 345. Q0 10. 56 O. 1083 Q. 01032
3456, 00 1Q. 35 0. 1133 0. 010591
— 3457 .00 10. 37 0. 1187 Ve 105
348. 00 10, 35 0. 1263 Q. 01220
i~ 343. 00 10, 33 Q. 1352 0. Q1303
_ 350, Q0 10, 3G Q. 1430 0. (1388
351,00 1Q. 27 G. 1526 Qe i430
— 3Tz. OO 10. 31 Q. 1650 Q. 0133
353. Q0 10,45 O. 1815 Q. 01736
- 354, OO0 10,45 (. 195865 G. 01203
355, 00 1 0. 90 Q. 2163 e 2080
. 356, OO 10, 35 Q. 2364 Q. 022849
- 357. 00 10, 25 Q. 2535 . 02522
358. 00 10,23 Q. 2860 Q. 02737
i 353. 00 10. 14 O.3153 O, 03115
360, 00 10, 06 Q. 3501 O, 03481
361. 00 5. 362 Q. 3300 0. 03310
- S, Q0 3, 850 Q. 4392 G, OH4HQ2
363. QO 5. 7206 . 5328 O, QG387
- 3649, Q0 9,323 0. 5360 0, OS530
365. OO D, H04Hh Q. SB27 D, VBIZO0
- 366. OO 5.278 0. 86525 Q. 07036
367. 00 3. 1014 Q. 7148 V. V7358
368. V0O &8.8%3 Q. 7752 O, 08725
_ 363. 0O 3.671 O, 33506 Q. VISH0
370,00 a. 501 Q. 2010 Qe 10860
371,00 38.2938 Q. 3607 V. 1SS
_ ITZ. 00 &, 074 1.015 O. 1257
: 373.00 7. 340 1. 060 D. 1354
- 3T 9. 00 T . BU0 1. 100 Q. 1997
375,00 Y= 1.133 e 1T9
L 37T6. 00 T.A0T7 1.156 D, 1Bsd
- - 3TT.00 b. 861 1,172 D ATOD
7% - 378,00 6.615 1.1758 . 1782
- —3vE. o0 5. 371 1. 177 D, 1343
380, 00 &. 136 1.188 Q0. 1203
- 281,00 5.911 1. 153 Q. 1250
35z, 00 . B934 1.132 U. 1988
A 383. 00 5. 488 1. 4086 Q. 201G
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DMAR Va4, 1A U1/18/56 15:03:33

Temperature E? E" Tars Deita
(20 GRa) GRa?
384, Q0 5. 230 1,077 e 2037
3835, 00 . 106 1. 047 Cie 2OT0
336. Q0 4. FIIO 1.014% e SITST
387 .00 . H, ToH Q. 2810 G, =052
388. 00 4,608 Q. 082 D 2053
387, O 4. 461 Q.3153 Cre 20OSE
330. Q0 4,323 Q. 3837 O, 20949
331. 00 H. 1349 Q. 8537 O, 2035
392, 00 4,063 C. 32449 O 202D
333. 00 3. 354 Q. 7373 0. 2016
334, 00 3. 843 0. 7716 2. 2003
335. 0Q 3.737 0. 7473 Q. 2000
336, 00 3. 837 O. 7244 0. 1332
337T. 00 3.392 Q. 7042 Q. 1388
3358, 00 3. 452 O. 5853 Q. 1335
353, 00 3. 365 Q. 6604 Q. 1378
400, OO 3. 282 0. 5486 Q. 1370
401, Q0 3.201% Q. 6325 Q. 1376
402, 00 3. 124 0. 6173 . 1376
403, 00 3. OS50 O, 6034 ©. 1278
L0, OO 2. 280 0. 5302 Ve 1301
HO5, QO .31 Q. S776 <. 19849
H06, OO 2. 346 Q. 5650 Q. 1335
{07 . 00 2. 784 0. 5535 Q. 13965
503, Q0 2. 754 0. 5476 0. 13858
409, 00 2. TAT Q. SaH2 O, 1388
45310, 00 2. 6849 O. 5342 Q. 19590
411,00 c.6312 0. 5239 0. 1351
412,00 2. 530 0. 5133 Q. 1392
413, 00 2,532 Q. 5S040 0. 1951
H14, 00 2. 486 O, 4342 O, 1283
415, Q0 = 02 Q. 4847 Q. 1385
4186, 00 2. H0O0 Q. 9753 Q. 13381
H17.00 2. 360 0. 4664 Q. 1976
£$18., 00 2. 323 Q. 4577 Q. 1370
H197, OO 2.289 Q. 4431 ., 126
HZQ, GO 2. 256 Q. H4H08 . 1353
H21. 00 2. 225 Q. 4326 Q. 1944
422, 00 . 1395 Q. 4245 Q. 1339
H23. 00 Z. 169 Q. 4163 Q. 1322
524, OO . 1404 Q. 4034 Qo 105
H25. GO . 120 Q. 020 0. 1835
426, OO 2. 033 C. 3352 O, 188s
427 .00 Z. 030 €. 3885 O, 1880
H$28, 00 2.6 2, 3B20 Q. 135S
4325, OO S 040 Q. 37ST Q. 1830
B30, 0O 2. 032 Q. 3633 (I PO
431,000 e D2 Q. 3640 0. 1804
HIZ. 00 2010 Q. 3T33 L. 1 THG
433,00 2. 00z Q. 3592 i, 1T
434, Q0 1.335 Q. 3424 O, 1 7T3L
H 35, 0 1.990 O, 348 Cre 1732
H36. Q0 1.3838 Q. 3905 V. 1715
H3T .00 1.388 0. 3367 0. 1635
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Temperature o
i7Cr (GF&

438, 00 1.328%
433,00 1,252

L4, i.92958

H4i, Q0 2.0

Lo, 00 . 014

L3, 00 2. 27

G, OO CPRNTD

545, OO 2. VS0

e
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= Tar Detrta

3332 . 18735
3595 De 1BEE
3264 D, 134
3233 V. il
3202 0. 1589
3178 De 15T
3159 O, 13490
3123 Dra i DI
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Generai RNGlyYyElS D3, 13
;.-
File: RUNGOO. OO s Date: 13-Mar—36 14313
T Program: bDeEMEral vi.iC  Rur Munoer: 33
lL..
Durcarnt <100 Thermal Raxlysis —— (=1
-
Sample: CINCIMNNATI TESTING LAE
7T Size: 2. 130G g
- Cell Comstant: i.0000

Uperatar: GALASKR
k- Metrcd: THERM COND HI TEMFE

CcantaeniT 3 150 » 3156~C
—
. Time Heat Flow Auxiliary Temperature
: 3igriai
-- mir ki my “C
Oy OO
Ky 1. 00 -216.3 {.361 =231, 495
. = 00 -=z21.1 1.997 =38. 21
3. 00 -=23.0 2. b4 306, 35
- o0 ~225. 9 . =33 312,03
5. 00 —226.35 Z. 345 315. 02
- &. 00 -227. & Z. a3l 316. 17
; T 00 -227.58 2. S57 316. 42
* S0 -=258. 3 Z. DB 318.5t
- 2. 00 —-Z28. 7 2. TB% 316. 47
0. v —227. 0 Z. 367 316.43
~1 14,00 -Z23.3 =, 363 310. 490
. 13, 00 -222.5 3. 067 3i6. 3%
y 13, KR -223. 7 3. 169 3156.38
-4 14, 00 -22%. 3 3. 237 316. 37
15. 00 —-230. % 3. 350 316. 36
T 16. 00 —&30. 1 3. 938 316. 34
_ 17.000 —230, 2 e S35 316. 33
! 18,00 —S30. 4 2.0ll 316, 34
- 130000 -230. 5 3. 835 315. 34
S0, O -=230. 5 3.777 31b. 34
- 2L ~230. 6 3. 357 316.33
~ 2. 00 —230.7 3. 37333 316. 3
S3.00 —230. 7 4,003 316. 31
- =i, D0 -230. 7 4,081 3i6. =2
2T, W0 —-=30. 7 4. 133 3le. 23S
6. OO —=30. 3 He =23 3io.co
4 ST 00 -E30. 8 B, 230 3i6.30
- 25, 0 -230. 3 4,336 315.:28
- AR ~E30. D 5,98 318.25
30, 00
-~ 31,00
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THERMAL CONDUCTIVITY OF POLYMERS BY DSC

Mary L. Galaska, Anil K. Sircar, and Richard P. Chartoff
Center for Basic and Applied Polymer Research
University of Dayton, Dayton, OH 45469-0131

ABSTRACT

Differential Scanning Calorimetry (DSC) is commonly used to measure the heat flow in
and out of a sample as a function of time and temperature. The rate at which heat travels
through a sample, its thermal conductivity, is an important processing property. Thermal
conductivities of most polymers are between 0.1 and 2.0 W/mK [2] depending on the

molecular weight and crosslinking. A highly crystalline polymer will have a greater
conductivity than the equivalent amorphous material and thermal conductivity will vary

with degree of crystallinity.

In this paper, a method for determining the thermal conductivity of polymeric materials
through a simple modification of the TA 910 DSC analyzer will be described. An external
chromel-alumel thermocouple (Type K), covered by a copper heat sink, is used to record
the temperature at the top of the test specimen (T2). Heat is supplied by the DSC unit to
hold the sample isothermally at the desired test temperature (T1). The temperature
gradient (T - T2) along with the cylindrical sample dimensions is used in the Fourier heat
flow equation to calculate the thermal conductivity of the material with respect to 2

standard.

mW L D2, AT,
K=Ky x — x — x —= X =
mW, L D2, AT

where,
K = thermal conductivity, W/mK

mW = Heat Flow, mW
L = specimen length, mm

D = specimen diameter, mm

AT = temperature differential (T1- T2) (°C)
r = reference
s = sample
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APPARATUS

The auxiliary mV signal (signal B) is imported into the TA2100 controller from the
DSC 910 cell base by using an external Type K thermocouple with a cold junction. This
mV output signal was calibrated and found to be very accurate in determining the :
temperature. Heat is generated by the DSC unit, travels through the specimen to the
external thermocouple, which is set in copper. A large copper heat sink with a hole for
the thermocouple sits on a steel spacer with two windows, then is closed off by a steel
cover and convection shield. The whole unit is then covered by an open-top glass cover.
A transite cover with a hole lined up with the DSC sample platform is placed just above
the DSC cell to reduce the convection heat losses. See Figure 1.

Figure 1. Diagram of DSC cell modification. 1. external thermocouple, 2. copper heat
sink, 3.steel spacer, 4. transite cover, 5. sample, 6. DSC sample platform.

EXPERIMENTAL PROCEDURE

With the TA 2100 Controller on the Signal Control screen, the signal B (mV) was
zeroed with the external thermocouple in the ice bath. The heat flow signal A (mW) was
zeroed when a stable reading was obtained at room temperature. A silicone lubricant was
used to ensure better contact between the external thermocouple, the sample, and the
DSC cell. The sample was put in place through the window. The thermocouple was
introduced into the copper heat sink and locked in place with its bottom touching the
sample. The window was closed and the glass cover placed over the unit. The DSC was
then heated to 25°C and held isothermally for 12 minutes recor ing the signals A (mW)
and B (mV). Cylindrical samples of Pyrex 7740, vulcanized natural rubber, LDPE, HDPE
and a photoresin (Ciby-Geigy cibatool 5081.1) were tested. At least six measurements of
each sample were made to obtain a reasonable average. The DSC was cooled to room

temperature in between each run.
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SAMPLE PREPARATION

Six different materials were tested with this method. These include: 1. Pyrex 7740
glass, 2. photopolymer 5081.1, 3. low density polyethylene, 4. high density polyethylene,
5. polystyrene, 6. a natural rubber reference compound as used by Sircar and Wells [1].
The Pyrex 7740 samples were cut from a 6mm rod and machined to give flat parallel ends.
The natural rubber reference compound (100 NR-SMRS, 3.0 sulfur, 5.0 zinc oxide, 0.5
stearic acid, 1.0 phenyl-B- napthylamine, 3.0 pine tar, 0.75 MBT) was mixed on a 6" x 12"
roll mill then cured for 80 minutes at 275°F. This compound was found to be stable and
give reproducible results at 25°C as reported by Sircar and Wells [1]. Samples of this
material were prepared in a mold with a cyli drical cavity of 6.26 mm. The length could
be varied depending on the amount of material placed in the hole. The material was
compressed and cured to form cylinders. Two samples with lengths of 14.84 and 13.90
mm were tested. The data from these two samples was used to calculate the experimental
thermal conductivity reference point at 25°C. The literature value for this reference
material was taken as 0.151W/mK [1]. The thermal conductivity of the natural rubber
samples was also calculated at the higher temperatures using the 250C data as the
reference.

The LDPE, HDPE and polystyrene samples were also prepared in this mold at an oven
temperature of 3500F. Samples with lengths of 12.90, 13.94 and 1 1.37 mm respectively
were tested.

The photopolymer sample was prepared by using a 1" section of a 5 mm glass tube as a
mold for containing the liquid. The bottom was plugged with a butyl rubber and the tube
was positioned vertically on a flat surface. It was filled with the photoresin and placedina
vacuum oven for about 15 minutes at room temperature to remove dissolved gasses. The

sample was then exposed to a UV light for 2 hours, rotating 1/4 turn every half hour.
When the sample was completely cured, the glass tube was carefully broken to recover
the sample. The sample ends were sanded until they were flat and parallel with no voids.
A cylindrical sample with a length of 13.32 mm and a diameter of 5.06 was used for this

study.

RESULTS

This method was found to give acceptable values of thermal conductivity for the
polymers tested as listed in Table 1. The values cited are an average of six measurements
for each sample. The experimental data for the Pyrex 7740 and the polystyrene samples
agreed favorably with the literature values to within 2%. However, the comparison of the
experimental and literature values of the polyethylene samples was not as close. This
difference could be due to a number of reasons including the samples’ thermal history, its
crystallinity, or to small undetectable voids in the test specimen.

The thermal conductivity of the natural rubber reference sample agreed with the value
cited by Sircar and Wells [1]. A literature value was not available for the photopolymer
sample. The thermal conductivity of the rubber compound and the photopolymer sample
decreased slightly with increasing temperature as seen in Figure 2.
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TABLE 1
Sample Temperature Thermal Conductivity | Literature Value
| (length, mm) (°0) (W/mK) (W/mK)
Natural Rubber 25 0.145 0.151 [1
(d = 5.75mm) 40 0.116
(1=13.90mm) 60 0.106
80 0.101
Natural Rubber 25 0.153 0.151 f1
(d =5.75mm) 40 0.112
(1= 14.84mm) 60 0.107
80 0.102
Photopolymer 5081.1 |25 0.222 n/a
(d = 5.06mm) 40 0.204
(1=13.32mm) 60 0.193
80 0.188
HDPE 25 0.59 0.46t0 0.50 [4
(d = 5.71mm)
(1=13.94mm)
LDPE 25 0.49 033100.38 [4
(d =5.71mm)
(1=12.90mm)
Polystyrene 25 0.14 014 [2
(d = 5.96mm)
(1=11.37mm)
Pyrex 7740 30 1.075 1.101 [5
(d = 5.95mm) 40 1.117 1.116
(1=12.10mm) 60 1.140 1.145
70 1.168 1.159
80 1.180 1.174
100 1.202 1.203
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CONCLUSIONS

This modified DSC method is an easy and quick way to determine thermal conductivity
of polymeric compounds. It also has the advantage of using small samples and takes only
minutes for each determination. However, it is recommended to make at least six

measurements on each sample at each temperature of interest to obtain a more accurate

average value for the thermal conductivity. It was also found that the room temperature
should be maintained at a constant temperature to get more consistent values at lower

temperatures.
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